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 M06L is the most appropriate functional for modeling Cu-N2S2 
systems 
 The average deviation from experimental values for the copper 
analogs for the three functionals were 78.4 mV for M06L, 166 mV for 
M062X, and a high 399 mV for B3LYP 
 ONIOM calculations were accurate in predicting the redox potentials  
of copper proteins   
 
Continuing Studies 
 Calculations on more proteins to establish consistently accurate results 
 The role of protein matrix in charge-separation upon reduction 
 Perturbing the active site to observe changes in energy caused by high 
layer geometry 
Three model systems with known structure and redox potentials1 were used for building 
and standardizing molecular models 
 
 
The partition of the electronic energy according to Kohn-Sham equation: 
E = ET + EV + EJ + EXC , where ET = kinetic energy of electrons, EV = nuclear-
electron and nuclear-nuclear interactions; EJ = electron-electron repulsion;  
EXC = electron correlation represented by the quantum mechanical exchange energy, 
which accounts for electron spin and the dynamic correlation energy due to concerted 
motion of electrons.  
M06L and M062X, employs a new exchange-correlation functional with improved 
medium-range (2-6 Å) correlation energy that can appreciate the electron correlation 
in a significantly better way 
 
 
 
Kohn-Sham DFT Scheme  
• Gas-phase free energy changes were obtained using electronic structure calculations.  
• ONIOM calculations were performed using a 6-31+G(d,p) basis set and M06L 
functional  in the quantum  mechanical region and  Amber molecular mechanics  in 
the molecular mechanical region 
• Effect of solvent beyond 20  Å was taken into account with Born’s solvation 
correction 
• Gas-phase vibrational-rotational free energies at 298 K, were calculated with the 
harmonic oscillator-rigid rotor approximation 
• The electronic free energy was approximated as –RT lnd, where R is the gas 
constant, T is the temperature, and d is the electronic degeneracy of the ground state. 
Its contribution is < 0.5 kcal/mol and was neglected 
Free Energy Calculations 
Amber 
forcefield was 
used for 
molecular 
mechanically 
treated atoms 
(ribbons) 
DFT/M06L 
was used for 
quantum 
mechanically 
treated atoms 
(ball-sticks) 
Type-1 copper proteins, commonly known as blue-copper proteins 
represent an important class of oxidoreductases, where the redox 
active moiety is a copper ion bound in a nitrogen-sulfur donor 
environment. These proteins act as mediators in electron transport 
with the copper center shuttling electrons between Cu(II)-Cu(I) 
oxidation states. One critical element of the redox chemistry of type-1 
copper sites is the display of a large variation (between 200 -1000 
mV) in the Cu(I/II) redox potential, which translates into a Gibbs free 
energy difference of 18 kcal/mol. The cause of this large variation is 
unclear and only speculated to be due to active site hydrophobicity, 
axial ligation, and outer sphere coordination. In order to gain an 
insight into the role of the protein matrix on the redox potentials of 
the copper center, we are using combined quantum 
mechanical/molecular mechanical simulations. The copper center and 
the atoms within Its primary coordination sphere are treated with 
density functional theory, while embedded in a molecular 
mechanically treated region. Results of these studies on smaller 
model systems as well as type-I proteins will be presented. 
–Type I sites are a broad class of proteins characterized by a Cu-N2S 
copper containing active site, and are important in biological 
oxidization/reduction reactions and electron transport 
 
 
–Calculations were performed using 2 layers of theory, DFT was used in modeling 
copper and the coordinating functional groups. Amber was used in modeling the 
surrounding protein. 
–The proteins were truncated  to 12Å before calculations were performed 
–A 20Å water sphere was added to the truncated protein. 
Results of ONIOM Calculations 
Plastocyanin Rusticyanin 
Redox Potential= 363 mV Redox Potential= 798 mV 
The protein matrix plays an important role in tuning of the 
redox potential 
With combined quantum mechanical/molecular mechanical 
simulations, it is possible to quantify the contributions of 
individual functionalities on redox energetics 
Hypothesis 
–The method used for calculation is still in development and will soon be 
submitted for review 
–A bond correction of 8.3 was added to the ∆Gsolv to correct for the 
difference between solvent continuum and the calculated water shell 
Protein 
Calculated 
Redox (mV) 
Experimental 
Redox (mV)2 ∆(mV) 
Plastocyanin 361 363 2 
Rusticyanin 734 798 64 
Cu 
Cu 
water layer 
of 20 Å 
Cu(I/II) 
DFT studies with small 
molecule analogs 
Hybrid quantum mechanical/molecular 
mechanical calculations on proteins 
Results 
Oxidized Cu(II) rusticyanin 
Reduced Cu(I) rusticyanin 
Oxidized Cu (II) plastocyanin 
Reduced Cu(I) plastocyanin 
